.-Hydroxylysine was not significantly incorporated by Streptococcus faecalis ATCC 9790 or 8043 until exponential growth ceased as a result of lysine exhaustion. Uptake was then rapid and virtually complete within 1 hr. Lysine absence, rather than physiological age, seemed to be the governing factor. Hydroxylysine uptake rapidly reached a peak in the acid-soluble fraction, suggesting a precursor role for substances in this fraction. Substitution of hydroxylysine for lysine was much more efficient in mucopeptide synthesis than in protein synthesis. In wall medium, less than 1% of the incorporated hydroxylysine was found in the protein fraction. Addition of lysine to both growth and wall media inhibited both further hydroxylysine uptake and transfer of hydroxylysine from acid-soluble to mucopeptide or protein fractions. Hydroxylysine resulted in decreased penicillin susceptibility only after it was postexponentially incorporated. This effect was physiologically similar to that seen after threonine deprivation or chloramphenicol treatment. Hydroxylysine incorporation increased resistance to autolysis, but failed to decrease lysozyme susceptibility when measured after heat inactivation of autolysis. Electron microscopy of negatively stained cells showed increased thickness of cell walls containing hydroxylysine. Thus, most of the effects of replacement of lysine by hydroxylysine resemble those seen after deprivation of a nonwall amino acid (e.g., threonine or valine) or after chloramphenicol treatment. Each of these conditions results in inhibition of protein synthesis while permitting cell-wall synthesis to continue, resulting in autolysis-resistant, thick-walled cells.
When hydroxylysine is present in the growth medium, it can be incorporated by Streptococcus faecalis (Tsung et al., 1962) , Leuconostoc mesenteroides (Smith and Henderson, 1964) , and Staphylococcus aureus (Smith, Gilboe, and Henderson, 1965) . Hydroxylysine incorporation into both protein and mucopeptide has been demonstrated in S. faecalis and L. mesenteroides (Smith and Henderson, 1964) , although this amino acid has not been found to occur naturally in these organisms (Tsung et al., 1962) . Tsung et al. (1962) obtained good evidence that lysine and hydroxylysine are not metabolically interconverted by S. faecalis 8043. Using S. faecalis 8043, Smith et al. (1962) showed that hydroxylysine prevented lysine-depletion lysis (Toennies and Gallant, 1949a, b; Shockman et al., 1958 Shockman et al., , 1961a . Smith et al. (1962) presented evidence which seemed to indicate that exponential-phase S. faecalis cells grown in the presence of lysine and hydroxylysine were more resistant to autolysis, lysis by lysozyme or penicillin, and sonic disintegration than cells grown on lysine alone.
In contrast, the present work suggests that, in S. faecalis 9790 and 8043, hydroxylysine is not incorporated during exponential growth, but can substitute for lysine only in the absence of the natural amino acid. This substitution permits a smooth transition from exponential growth to a pattern of postexponential turbidity increase resembling that obtained after valine or threonine exhaustion (Shockman et al., 1958; Shockman, 1959a) .
A general characteristic of unbalanced postexponential growth, which results from the deprivation of an amino acid that is an essential component of protein but is not a major component of cell-wall mucopeptide, seems to be an inhibition of protein synthesis accompanied by con-SHOCKMAN, THOMPSON, AND CONOVER 1963a). On the other hand, inhibition of wall synthesis (e.g., by deprivation of a wall precursor or addition of a specific inhibitor of wall synthesis) results in rapid autolysis (Shockman, 1963a (Shockman, , 1965 . When some of the properties of hydroxylysine-grown cells were closely examined with regard to their physiological age and actual incorporation of hydroxylysine, it was found that changes in susceptibility to autolysis, lysozyme, and penicillin were typical of the type of unbalanced metabolism which results in cell-wall thickening and were not the result of hydroxylysine incorporation per se.
MATERIALS AND METHODS
S. faecalis (ATCC 8043 and 9790) was grown at 37.8 0.05 C from exponentially growing inocula in the highly buffered synthetic medium previously described Shockman, 1963b) . Unless otherwise stated, the 9790 strain was used, and cells were grown in the complete growth medium. In some cases, lysine or threonine was present in growth-limiting amounts.. In some experiments, washed exponential-phase cells were transferred to growth medium or "wall medium." The "wall medium" was that previously described by Shockman et al. (1961b) (Toennies and Gallant, 1949c; Shockman, 1963b) . A suspension of exponential-phase S. faecalis cells of AOD 1 contains 0.39 /Ag (dry weight) of cells per ml. Aseptic cold washing techniques were as previously described (Shockman et al., 1961a) .
Measurement of radioactivity incorporated into whole cells was made on 2-ml samples. These were filtered rapidly through 20-mm diameter, 0.5-,u pore size membrane filters (Microcell Filter Co., Grosse Pointe Farms, Mich.), washed twice with 1-ml quantities of ice-cold saline, placed on filter paper, and dried at 65 C for 30 min. The dried samples were counted in a Packard Tricarb scintillation counter, in vials containing 15 ml of scintillator solution (McCarthy et al., 1962) .
Results were recorded as count/min minus background, and were not corrected for quenching losses which were assumed to be the same for all samples.
Measurements of radioactivity in washed cells or in cell fractions were made with Bray's (1960) solution, which was freshly prepared with reagentgrade chemicals. Dioxane was checked for peroxide with 4% aqueous potassium iodide solution before use. Counting efficiencies were determined with toluene-C'4 as internal standard. Cells were not predigested before being added to the scintillator solution. Predigestion by Hancock and Fitzjames' (1964) method for tritium-labeled cells had no effect on the counts measured, or the counting efficiency, with our C'4-labeled cells and the amounts of material used here.
Chemical fractionation of cells was carried out by the procedure of Park and Hancock (1960) , after washing twice by centrifugation in ice-cold water.
The experiments summarized in Table 3 were carried out as follows. Cells were grown in medium containing growth-limiting amounts of lysine or lysine plus hydroxylysine (Table 3 , columns 6 and 7). Samples were removed at the times and turbidities indicated in Table 3 , columns 8 and 9. Each sample was chilled rapidly to 0 C in an ice bath, aseptically washed three times with ice-cold sterile distilled water, and resuspended in cold water so that 1.0 ml would give a turbidity equivalent to 370 jg (dry weight) per ml after final dilution to 6.0 ml with buffer and lysozyme. Duplicate 1.0-ml cell samples were added to 3.0 ml of cold sterile 0.1 M sodium phosphate buffer (pH 6.5), mixed thoroughly, and put in a 56 C water bath. This temperature was maintained for 15 min to inactivate the autolytic system. After rapid cooling to 2 C in an ice bath, 2.0 ml of lysozyme (30 jig/ml) or water were added, and contents of the tubes were mixed. To obtain the initial turbidity readings (time zero) individual tubes were placed in a 37.8 C water bath for a few seconds and then immediately read in the spectrophotometer. This procedure avoids fogging of the cold tubes in the spectrophotometer. Readings were taken at 20-to 40-min intervals for 5 hr and the next day. Except for the heat inactivation, similar techniques were used for the experiments summarized by Fig. 5 and 6.
For all hydroxylysine experiments, a mixture of 6-hydroxy-DL-lysine and allohydroxy-DL-lysine obtained from Calbiochem was used. Amino acids for growth media were obtained from General (Shockman, 1963b) . This organism assimilates lysine and at least five other indispensable amino acids without significant metabolic degradation. In each case, termination of exponential growth and exhaustion of the exogenous supply of the growth-limiting amino acid occur at the same time (Toennies and Shockman, 1953) . During the exponential growth phase, the amount of each amino acid assimilated is directly proportional to cell mass (Toennies and Shockman, 1953) . In the case of lysine limitation, only a small postexponential increase in turbidity occurs. Therefore, from the data shown in the first line of Table 1 and in Fig. 1 , an assimilation factor of 0.02 ,ug of lysine per ml per AOD unit can be calculated. Figure 1 shows logarithmic plots of the growth response of S. faecalis to various growth-limiting concentrations of lysine, with and without added hydroxylysine, in an otherwise complete medium. Even at the highest level of hydroxylysine employed (160 Atg/ml), hydroxylysine had no detectable effect on the rate or extent of growth during the exponential-growth phase or up to the point at which the lysine supply became exhausted. Similar results were obtained with other levels of hydroxylysine (5 to 80 ,ug/ml), at each of the lysine concentrations tested. The rate of exl)onential growth (31-to 33-min doubling time) seems to be independent of both lysine and hydroxylysine concentration within the ranges tested. Thus, termination of exponential growth is independent of the presence of hydroxylysine and appears to correspond to exhaustion of the exogenous lysine supply. Table 1 shows that limiting concentrations of lysine produce a linear response providing that the maximal response to lysine is measured (Fig.  1) . The net response to hydroxylysine (minus the growth produced by lysine) is dependent on lysine concentration. Additional growth produced by 10 ,ug of hydroxylysine per ml is essentially the same, whether 1.0, 3.5, 6.0, or 11.4,g of lysine per ml are present. The net response to hydroxylysine deviated markedly from linearitv, particularly when the turbidity increase due to this amino acid was more than twice that produced by the lysine present. In the near linear region, the postexponential turbidity increase lg of lysine, and 0.26 ug of hydroxylysine-C'4 (equivalent to 27,000 count per min per ml). Samples were taken from 30 min before the growth-limiting supply of threonine was exhausted, up to 3 hr after this time, and after overnight growth (18 hr). The activity detected by membrane-filter counting of 2-ml samples was low in all cases. The highest quantity recovered was 115 count/min above background 18 hr after threonine exhaustion occurred, compared with a background value of 25 count/min. Failure to incorporate hydrox-ylysine in the presence of lysine during unbalanced growth was confirmed by following hydroxylysine incorporation in wall medium. Freshly harvested washed exponential-phase cells (128 ,g/ml) were suspended in wall medium containing (per milliliter) 0.26 Mg of hydroxylysine-C'4 (equivalent to 27,000 count/min) and 100 Ag of lysine. Samples However, in view of the results of Smith et al. (1962) , the incorporation of these extremely low amounts of hydroxylysine could conceivably affect wall metabolism and cell stability. Smith et al. (1962) stated that hydroxylysine increases the resistance of exponential-phase cells to autolysis, penicillin lysis, and lysozyme. Therefore, these phenomena were carefully examined in relation to growth phase and hydroxylysine incorporation.
Effect of hydroxylysine on penicillin-induced lysis in lysine-limited complete medium. Figure 3 shows the results of the addition of penicillin at various times to cultures grown in an otherwise complete medium containing (A) 5.5 or 11 ,ug of lysine per ml, or (B) 5.5 or 11 jig of lysine per ml plus 80 ug of hydroxylysine per ml. It is apparent from curves A-4 and B-4 that the presence of hydroxylysine caused no increased resistance to penicillin lysis when the antibiotic was added about one generation before lysine exhaustion occurred. On the contrary, an apparent decrease in susceptibility to penicillin lysis towards the end of exponential growth occurred more rapidly in lysine-grown cultures (Curves A-3 and A-5) than in hydroxylysine-grown cultures (Curves B-3 and B-5). However, in the absence of penicillin, the lysine-grown cultures increase relatively little in turbidity after termination of exponential growth (Curves A-1 and A-2). After lysine exhaustion and in the absence of hydroxylysine, penicillin addition had little, if any, effect on the rate of lysis (Fig. 3A, curves 3 , 5, and 6). Under these conditions it is difficult to distinguish between the individual contributions of the two lytic factors (penicillin and lysine exhaustion). Continued incorporation of hydroxylysine resulted in a more gradual decrease in susceptibility to penicillin lysis (Fig. 3B, curves 3 , 5, and 6). Addition of penicillin at various times during growth on threonine-limited medium showed a similar effect (Fig. 4) . When the penicillin was added more than 1.5 hr after threonine exhaustion occurred, lysis was only slightly greater than in the control (Fig.  4 , curves 5 and 6).
Effect of hydroxylysine and chloramphenicol on penicillin-induced lysis. Hydroxylysine was incorporated into wall mucopeptide as a relatively efficient replacement for lysine (Tables 2 and 4 ).
However, hydroxylysine incorporation into protein seemed to be slower and much less efficient than that of lysine. The effect of hydroxylysine, therefore, resembles that of other amino acid analogues which do not immediately inhibit growth, but result in the onset of a continuouslydecreasing growth rate followed bv complete inhibition (Richmond, 1962) . Such analogues are thought to replace the corresponding natural amino acid in proteins which are then less effective in structural or catalytic roles (Richmond, 1962) . Therefore, the effects of chloramphenicol, a known inhibitor of protein synthesis (Brock, 1961) , on growth and penicillin lysis were examined under conditions that permit balanced exponential growth (with lysine) and under conditions that favor unbalanced cell-wall synthesis (with hydroxylysine).
Freshly harvested and washed exponential phase cells were transferred to give an initial density of 0.14 mg/ml in lysine-limited (5 ,ug/ml) or hydroxylysine (160 j.g/ml)-containing growth medium in the presence and absence of penicillin, chloramphenicol, or both antibiotics. Changes of turbidity with time are shown in Fig. 5 . When growth was limited by 5 ,ug of lysine per ml (curve 1), an increase in turbidity (about 60%) was followed by rapid lysis. Addition of penicillin (16.5 ,g/ml) (curve 2), as expected, resulted in the onset of rapid lysis within about 30 min. Addition of chloramphenicol (50 ,ug/ml) (curve 3) resulted in about a 130% rise in turbidity without lysis. In this instance, the nutritional potential for balanced exponential growth is present. Inhibition of protein synthesis with chloramphenicol results in a larger increase in turbidity than that which occurs with the growth limiting amount of lysine (5 ,ug/ml) present (curve 1). Continued cell-wall svnthesis resulting in cell-wall thickening is probably at least partially responsible for this increase in turbidity (Shockman, 1965) . The addition of both penicillin and chloramphenicol (curve 4) resulted in a smaller and slower increase in turbidity than in curve 1 (lysine only) or curve 3 (lysine + chloramphenicol), followed by comparatively slow lysis. Replacement of lysine by excess hydroxylysine (160 gg/ml) resulted in an increase in turbidity of about 160%, which leveled off (curve 5) and resembled the effect of lysine + chloramphenicol (curve 3). Addition of penicillin (curve 6) in the presence of hydroxylysine resulted in a slower rate of lysis than in the presence of lysine only (curve 2). The results of this experiment do not conflict with those shown in Fig. 3 , where it was shown that an apparent decreased susceptibility to penicillin lysis occurred more rapidly in lysine-grown cul-SHIOCKNIAN, THOMPSON, AND CONOVER tures than in hydroxylysine-grown cultures. The present experiment compared tubes that contained enough lysine to support balanced exponential growth for about 0.6 generation (curve 2) with tubes that contained hydrox-ylysine (and no added lysine) and were therefore unable to support balanced exponential growth (curve 6). Earlier experiments indicated that the rate of mucopeptide synthesis from hydroxylysine approaches half that obtainable with lysine (Table  4) . The much larger rise in turbidity which occurred when both lysine and hydroxylysine were present (curve 9) can be attributed to the combined effects of both amino acids (Fig. 1) were exponential-phase lysine-grown cultures (samples Li and L2) . This includes those cultures that had incorporated hydroxylysine for as long as 21 hr (sample H6). Samples L3 and L4 were grown on lysine only and had almost begun to autolyze. Lysozyme digested these samples rather faster than the others. At least some of these cells were irrevocably committed to lyse (Shockman et al., 1958) and may have suffered some autolytic damage (Shockman et al., 1961a) . Experiment 3, Table 3 , showed that growth on 80 ,ug of hydroxylysine per ml (sample H9), while producing a greater postexponential turbidity increase than growth on 20,g of hydroxylysine per ml (sample H7), resulted in little if any increase in lysozyme resistance. Samples H8 and H10 were not heated before lysozyme addition and indicate that autolysis can supplement lysozyme action even in cells which have been incubated for 20.5 hr after the termination of exponential growth. Controls without lysozyme confirmed this conclusion. In experiment 4, Table 3, the lysozyme susceptibilities of cells, grown for 21.5 hr on 14 ,ug of lysine per ml plus 20 Ag of hydroxylysine per ml (H1 1) were compared with cells grown on 4.5 ,ug of threonine per ml (T1). Threonine-limited cells were more resistant to lysozyme than hydroxylysine-grown cells, which showed that resistance to lysozyme can be produced by growing cells on medium deficient in amino acids, under appropriate conditions. The persistence of some autolytic properties in these cells is shown by parallel experiments with unheated cells (H12 and T2). E]ffect of hydroxylysine on autolysis. Cells harvested from the exponential growth phase show maximal rates of autolysis at 0.01 and 0.3 M phosphate and a minimum at 0.1 M phosphate (Shockman et al., 1961a) , whereas those committed to lyse because of lysine deprivation do not lyse more rapidly in 0.01 M than in 0.1 M phosphate. Thus, the rate of lysis in various concentrations of phosphate provides a useful indicator of the state of the cells when harvested. In the case of threonine-and valine-limited cells, a postexponential increase in autolysis resistance occurs (Shockman et al., 1961a) . Figure 6 shows that there were no significant differences in lytic potentiality during exponential phase, whether hydroxylysine was present or not (compare Lys 1 with Hylys 1 and 2 curves). Samples Hylys 3 and especially in 0.01 M phosphate. Hylys 4, in particular, showed little lysis after prolonged 2 3 4 5 6 HOURS FIG. 5. Effect of hydroxylysine and chloramphenicol on penicillin and lysine-depletion lysis. Exponential-phase cells were harvested at a density of 0.4 mg/ml, washed three times, and suspended in lysine-deficient growth medium at a density of 0.17 mg/ml. Addition. of lysine (Lys; 5 ,ug/ml), hydroxylysine (HyLys; 160 ,ug/ml), penicillin (Pen; 16.5 ,ug/ml), and chloramphenicol (Cap; 50 jig/ml), all final concentration, were made as indicated on the individual graphs at the start of the experiment. The results are presented as per cent of the initial turbidity. Paradoxically, Fig. 6 shows that they lysed less rapidly than the samples taken from the exponential phase. Despite precautions, this could be due to partial autolysis during cold washing and centrifugation. These similarities and differences were borne out by the individual autolysis curves from which Fig. 6 was derived.
Cytological nature of the changes occurring during postexponential hydroxylysine uptake. Electron microscope studies were carried out in collaboration with M. E. Bayer (Institute for Cancer Research, Philadelphia, Pa.). Cells grown on 5 Ag of lysine per ml and 160 ,ug of hydroxlysine per ml for 22 hr were examined in the electron microscope, with a negative staining technique (Shockman, 1965) . Walls of these cells were two to three times as thick as those of exponential-phase cells. (Table 5) , washed, and resuspended in duplicate to give final concentrations of
The thickness of these cell walls was indistinguishable from that of threonine-or valinedeprived cells (Shockman, 1963a) or of cells exposed to chloramphenicol for 17 hr (Shockman, 1965) . DISCUSSION The results of the experiments presented above shed a new and entirely different light on the experiments of Smith et al. (1962 Smith et al. ( , 1965 and Smith and Henderson (1964) . Hydroxylysine did not affect the rate or extent of exponential growth on limiting lysine (Fig. 1) and was not significantly incorporated into S. faecalis 8043 or 9790 until exponential growth was terminated by lysine exhaustion ( Fig. 2 and Table 2 ). It is therefore difficult, if not impossible, to see how exponentialphase cells grown in the presence of hydroxylysine could be any different from those grown in its absence. Indeed, all of our experiments indicate the absence of such differences. Smith et al. (1962) compared cells grown for similar time intervals on 20 ,ug/ml of lysine plus 20 Ag/ml of hydroxy-L-lysine with those grown on 100 ,ug/ml of lysine only. Substantial evidence for the true physiological state of their cells was not presented. All of the growth curves published by Smith and collaborators were plotted arithmetically. It is generally accepted that the duration of the exl)onential growth phase cannot be precisely determined from arithmetically plotted curves (Rahn, 1932) . This may help to explain some discrepancies. Smith and Henderson (1964) found that "incorporation" of lysine-C'4 or hydroxylysine-H3 was somewhat affected by the amount of the other substance present. However, they experimentally determined and defined "incorporation" as the amount of label found in a trichloroacetic acid-insoluble fraction of washed cells after a 24-hr "growth" period. During this time both growth and lysis can take place (Toennies and Gallant, 1949a) . In the experiments of Smith and Henderson (1964) , a decreased release of incorporated lysine-C'4 due to increased resistance to autolysis after hydroxylysine incorporation would be recorded as stimulation of lysine uptake. Inhibition of lysis would also explain the results of Peterson and Carrol (1956) , who observed that hydroxylysine had a much greater "growth" stimulating effect than lysine, when "growth" was determined by measuring the acid production after 3 days. Inhibition of lysis would leave many more cells available for acid production. From the experiments presented above (Fig. 2) it seems quite clear that even small quantities of lysine strongly inhibit hydroxylysine uptake by S. faecalis 9790. The cells seem to remain impermeable to hydroxylysine until lysine exhaustion occurs. Thus, a primary but not sole site of inhibition seems to be at the permeability barrier.
Comparison of the distribution of lysine in exponential-phase cells with the distribution of hydroxylysine-C'4 after short periods of postexponential labeling seems to be a useful indicator of the early changes which occur when hydroxylysine substitutes for lysine. Toennies, Bakay, and Shockman (1959) found about 5% lvsine in both wall and nonwall fractions of S.
faecalis, which account for about 25 and 75%, respectively, of cells harvested from exponentially growing cultures (Shockman et al., 1958) . The nonwall fraction includes free lysine, its low molecular weight derivatives, and protein lysine. Protein probably accounts for nearly all of the lysine in this fraction, since amino acid pools are extremely small in exponentially growing cells. Gale (1947) failed to detect lysine in a boiling-water extract from another strain of S. faecalis which had been incubated for 2.5 hr in a hydrolyzed casein medium. Gale did obtain extractable lysine from early and late postexponential-phase cells, which amounted to 0.35 and 1.46% of cellular dry weight, respectively. Shockman and Toennies (unpublished data) found only 2.6% of the total nitrogen of the cell was ninhydrin-positive in the dialyzable fraction of a boiling-water extract of exponential-phase cells. This fraction contains a variety of amino acids (Shockman, unpublished data; Holden, 1962) and offers further evidence for the low level of free lysine in exponentialphase cells. In agreement with these findings, Smith and Henderson (1964) showed that the ratio of incorporation of lysine into protein and mucopeptide fractions (as determined by the Park and Hancock fractionation method) was 76.5:20 in S. faecalis 8043. Substantial deviations from this 75:25 ratio would suggest a shift in the relative amounts of these polymers being synthesized.
From the 75:25 ratio of nonwall to wall substance, both containing 5% lysine, and a rate of increase in cell mass of 2.2% per min (calculated from a 31-min doubling time), a theoretical rate of incorporation for lysine characteristic of exponentially growing cells can be calculated. The rates of incorporation of lysine and hydroxylysine obtained from the data of the experiments summarized in Table 2 can then be compared with the theoretical rates. These calculations assume that reaction rates which exist in exponentially growing cells at the instant of lysine exhaustion or transfer to wall medium are maintained, and that, for a short time, it is possible to observe an arithmetic increase in the end products of those enzymes which are not affected by the primary cause of exponential growth termination. Table 4 shows the rates of incorporation of lysine and hydroxylysine into the protein and mucopeptide fractions in wall medium (Flasks A, D, and F) and of hydroxylysine after lysine exhaustion in growth medium (Flask B) . Flask A showed a much lower initial rate of incorporation of lysine into the protein fraction than into mucopeptide in wall medium. In Flask B, protein synthesis was again more strongly suppressed than mucopeptide synthesis. However, the rate of hydroxylysine incorporation into mucopeptide was significantly faster in Flask B, which contained growth medium, than was the rate of lysine incorporation in wall medium (Flask A). Flasks D and F (hydroxylysine incorporation in wall medium) exhibited extremely low rates of protein synthesis, presumably the summation of the two inhibitory factors observed separately in Flasks A and B. A comparison of Experiments A, D, and F suggests that, in wall medium, hydroxylysine was incorporated into mucopeptide at rates comparable to that of lysine. Thus, the evidence suggests that hydroxylysine is a reasonably efficient substitute for lysine in mucopeptide synthesis. The main obstacle to continued exponential growth seems to be the extremely low rate of incorporation of hydroxylysine into protein. These effects of hydroxylysine closely resemble those obtained after deprivation of a nonwall amino acid (Shockman et aL., 1958; Shockman, 1959a) . These results suggest that substitution of hydroxylysine for lysine in protein synthesis may well be the primary cause of the inability of cells to maintain an exponential rate of increase.
Flask B also shows that after lysine exhaustion uptake of hydroxylysine into cells and mucopeptide occurred without measurable lag. In Tables 2 and 4 , Sample Bi is recorded as being taken 3 min after the end of exponential growth. Since this time was obtained graphically from a logarithmic plot of turbidity, this first time interval was not very precise. However, when uptake into the acid-soluble fraction was plotted arithmetically against time, back extrapolation coincided with the turnoff point as previously determined.
Penicillin inhibition of cell-wall synthesis is well established (Salton, 1964) . Penicillin-induced lysis could be explained by the continued activity of autolytic systems normally present in exponentially growing cells (Shockman, 1963a (Shockman, , 1965 . The present experiments provide some evidence for this. Lysine deprivation inhibits both protein and mucopeptide synthesis. Inhibition of mucopeptide synthesis results in S. faecalis becoming prone to autolysis (Shockman et al., 1961a; Shockman, 1963a Shockman, , 1965 . Penicillin addition a few minutes before lysine deprivation (Fig. 3A, curve 3) had only a slight effect on the lysis which occurs after lysine exhaustion (Fig.  3A, curve 2) . If hydroxylysine was also present at this point, the rate of lvsis in the presence of penicillin was actually faster (Fig. 3B, curve 3) , whereas the control (Fig. 3B, curve 2) increased in turbidity. Presumably this is due to the participation of hydroxylysine in active, though gradually decreasing, mucopeptide synthesis. The subsequent gradual increase in resistance to penicillin of hydroxylysine-grown cells seems to be no different from that seen after threonine exhaustion (Fig. 4) . This suggests that penicillin resistance as a result of postexponential hydroxylysine incorporation is no different physiologically from other situations in which mucopeptide synthesis continues while protein synthesis is selectively inhibited (Shockman, 1965) . Figure 5 shows that penicillin lysis in growth medium limited by 5 ,ug of lysine per ml (curve 1) is reduce(d more by the addition of chloramphenicol (curve 4) than by replacement of the lysine by 160 .tg of hydroxylysine per ml (curve 6). Both conditions permit postexponential mucopeptide synthesis. However, hydroxylysine does permit a reduced rate of protein synthesis (4 to 14% of Theoretical, Table 4 , Flask B), whereas chloramphenicol inhibition of protein synthesis is 95 to 100% effective (Brock, 1961) . It is possible that a low residual rate of protein synthesis or turnover exists when limitation is caused by the shortage of an essential amino acid. In wall medium, however, chloramphenicol does not significantly affect penicillin lysis or the turbidity increase in control cultures (Shockman, 1959b (Shockman, , 1961b . Although it has long been thought that penicillin kills only growing bacteria (Garrod, 1944) , it is possible that the potential for active mucopeptide synthesis is the critical factor. These results, those of previous experiments in this laboratory (Shockman, 1959b; Shockman et al., 1961a) , and those of Smith et al. (1962) show that penicillin treatment may result in lysis of S. faecalis in a wall medium in which protein synthesis is inhibited by the absence of a number of nutritionally indispensable amino acids.
Our experiments on lysozyme susceptibility were performed on heat-inactivated cells (Table  3 ). It is clear that different rates of autolysis can significantly distort relative susceptibilities to lysozyme. The unheated controls in Table 3 , Experiments 3 and 4, indicate this. In addition. the experiments designed to study autolysis (Fig. 6) indicate that hydroxylysine-grown cells can become resistant to autolysis. The conclusion of Smith et al. (1962) (Table 3) .
Resistance to autolvsis does occur (Fig. 6 ) and seems to be a characteristic of cells that have thickened walls as a result of protein synthesis inhibition and continued wall synthesis (Shockman, 1963a (Shockman, , 1965 . It seems likely that autolysis is only a by-product of an essential enzyme-substrate system, and represents a failure to adapt to a changing environment. Little is known about the control of this system, and "activity" of this autolytic system refers to the degree of interaction of enzyme(s) and substrate, and not to an absolute amount of enzyme. Control of autolysis could be brought about by changes in quantity or activity of enzyme, its activators or inhibitors, by changes in cellular distribution or permeability, or by alteration of the mucopeptide structure. Autolysis is seen after deprivation of a wall amino acid, but deprivation of a nonwall amino acid results in autolysis resistance (Shockman et al., 1961a) . Perhaps the balance between growth and autolysis is less well controlled in S. faecalis than in some other species. Mutants of S. faecalis resistant to lysine-depletion lysis have been isolated. One mutant can grow slowly in the absence of lysine which it appears to synthesize slowly from aspartic acid. Several other mutants are completely unable to grow in the absence of lysine. The mechanism of autolysis resistance in these mutants remains to be determined.
It is possible that the type of phenomena observed with hydroxylysine incorporation may also occur with other amino acid replacements. Amino acid selection for protein synthesis depends on the accurately defined substrate specificities of the enzvmes involved. Loftfield (1963) estimated the maximal frequencies of error for several stages in protein synthesis in hen oviduct tissue. Valine, leucine, and isoleucine are all neutral amino acids, differing only in their hydrocarbon side chains. They are probably among the most difficult to distinguish enzymatically. Even so, valine or leucine probably substitutes for isoleucine on no more than 1 out of 3,000 occasions. Apart from mutations which result in virtually complete replacement of one amino acid for another at some point in a protein, cases of amino acid substitution in proteins are rare. Substitution in peptides is much more common. The composition of certain peptides seems to be more dependent on external amino acid concentrations (Katz, 1960; Mach and Tatum, 1964) .
Previous work on amino acid analogues has concentrated almost exclusively on their effects on protein synthesis, although examples of antimetabolites affecting wall synthesis are known. All bacterial cell-wall mucopeptides analyzed so far seem to contain a diamino acid, such as lysine, an isomer of diaminopimelic acid (Salton, 1964) , T-ornithine (Work, 1964) , D-ornithine, or L-2, 4-diaminobutyric acid (Perkins and Cummins, 1964; Duc-Nguyen and Weed, 1964) . The effect of nutritional and physiological conditions on the specificity of the diamino acid in the wall remains to be investigated. Thus far, lysinehydroxylysine replacement is the only known example. There are a few other examples of aberrant amino acids being incorporated into bacterial walls. Whitney and Grula (1964) showed that D-serine reduces the growth rate of Micrococcus lysodeikticus and is incorporated into mucopeptide, mostly at the expense of glycine. Lark and Lark (1961) found that incorporation of D-methionine into the wall of Alcaligenes foecalis induced spheroplast formation. The exact site of incorporation is unknown, but seems to involve mucopeptide. Snell, Radin, and Ikawa (1955) reported the replacement of D-alanine by D-a-amino-n-butyric acid as an essential nutrient for vitamin B6-deficient lactic acid bacteria, including S. faecalis.
Comparison of cell-wall metabolism in the presence of these unnatural analogues with normal wall metabolism may prove helpful in the elucidation of the mechanisms of mucopeptide synthesis and degradation.
